Fatty degeneration is a degenerative condition of the tendon-muscle unit of rotator cuff muscles, characterized by atrophy of muscle fibers, fibrosis, and fatty accumulation within and around the muscles. Many classification may be useful to stage this pathology, especially on Computed Tomography (CT) and magnetic resonance imaging (Mari) findings. Stem cell-based therapies for repair and regeneration of tendons and muscles may be used to promote healing and to make this condition reversible. Diagnosis and management of this condition is mandatory as in patients undergoing rotator cuff repair, it may influence outcomes, increase the likelihood of re-tearing, and evolve negatively.
Introduction
Originally described by Goutallier, fatty degeneration is a degenerative condition of the tendon-muscle unit of rotator cuff muscles, which incurs after rotator cuff tearing, characterized by atrophy of muscle fibers, fibrosis, and fatty accumulation within and around the muscles 1 . Mostly occurring in elderly patients, it is frequently associated with an aging-related reduction of the regenerative potential of rotator cuff tendons 2 . Given the close proximity between the muscle tendon-unit and rotator cuff tendons, a prompt diagnosis of this condition should be needed to improve outcomes after rotator cuff repair and better understand prognosis and evolution of patients with rotator cuff pathology. This review, arising from current classification systems for fatty infiltration, aims to define the impact of this condition on functional and clinical outcomes of patients with rotator cuff pathology.
Staging and classification
The classification staging system by Goutallier was conceived on Computed Tomography (CT) scanning, on axial images of the infraspinatus and subscapularis muscles to predict clinical outcomes and biomechanical features (repair integrity) after rotator cuff tendon repair (Tab. 1) 3 . Fuchs applied the same classification system on MRI scans (Tab. 2) 4 . The reliability of these system was successively tested, with no evident differences between the CT and MRI methods 5 . Another criterion, called "the tangent sign", was introduced in 1998 to assess the atrophy of the rotator cuff complex 6 . Specifically, the supraspinatus muscle, when normal, lies always above the tangent line going from the superior aspect of the scapula to the superior portion of the scapular spine. This sign presents good inter-observer reliability, 100% sensitivity, 85% specificity, 67% positive predictive value, 100% negative predictive value 5 . When positive, this sign is highly correlated with the extent of the rotator cuff tear, and may be predictive of the good chances to repair successfully the tear. Rulewicz has found a Review article 
Stage
Muscle description 0 Completely normal muscle I Some fatty streaks II Amount of muscle is greater than fatty infiltration III Amount of muscle is equal to fatty infiltration IV Amount of fatty infiltration is greater than muscle Amount of fat is equal/greater than fatty infiltration high correlation between the positivity of the tangent sign (positive) and the presence of a stage 2 or more (Goutallier classification) fatty infiltration 7 . Another method to measure muscle atrophy has been proposed by Thomazeau 8 and Schaeffer 5 : the occupation ratio is used to evaluate the percentage of atrophy of the supraspinatus muscle. The cross-sectional area of the belly of the supraspinatus muscle is placed in relation with the area of the supraspinatus fossa: and when the occupation ratio decreases the size of the tear increases. Marked architectural changes occur within the muscle tissue after tendon release and musculotendinous retraction: fiber shortening, increased pennation angle, and fatty infiltration 9, 10 . All these changes may be appreciated at MRI. When comparing US and MRI for assessment of atrophy and fatty infiltration of the supraspinatus muscle, the two methods provide comparable sensitivity, although it is difficult to distinguish moderate from severe fatty infiltration 11 .
Neurological cause of muscle athrophy
Suprascapular nerve (SSN) and rotator cuff function are closely associated. A suprascapular neuropathy should be considered in patients with postero-superior shoulder pain, atrophy or weakness of supraspinatus and infraspinatus muscles without any rotator cuff tear or retraction 12 . Retracted tears of the supraspinatus may be associated with SSN neuropathy, probably as consequence of an increased tension over the suprascapular notch and on the nerve 13 . This neuropathy has been found in 8-27% of patients with massive rotator cuff tears 14 . The main feature of this condition is a slow speed conduction of the fibres of the suprascapular nerve which increases proportionally with the percentage of atrophy 15, 16 . Axillary nerve disorders and cervical radiculopathy have to also considered. The pattern of fatty infiltration in patients with rotator cuff tear without suprascapular neuropathy is different from that of patients with suprascapular nerve dysfunction without rotator cuff tear 17 . Although chronic rotator cuff tears and suprascapular neuropathy may be both associated with fatty infiltration and atrophy of the rotator cuff muscles, the features of the fatty infiltrations are markedly different. The suprascapular neuropathy can be assessed by electromyography and nerve conduction velocity. The current evidence is rotator cuff repair may improve electromiographic changes, atrophy, and fatty infiltration 18 .
Biological and regenerative approaches
Stem cell-based therapies for repair and regeneration of tendons and muscles may also be used for management of fatty infiltration and muscle atrophy 19 . Specifically, satellite cells or mesenchimal stem cells may promote regeneration in damaged muscles and improve a condition of muscle atrophy 20 . The effect of injections of periosteal progenitor cells and poly ethyl-ene glycol diacrylate tethered with bone morphogenic protein-2 (PPCs-BMP2-hydrogel) in patients with rotator cuff tears is encouraging, promoting the neo-formation of fibro-cartilage, which has an inductive action on tendon and bone, and enhances the tendonbone healing process. Locally administered ADSCs may promote the tendon bone healing, and improve fatty infiltration, by inducing electrophysiological, biomechanical, and histological changes 21 . Although the administration of vascular endothelial growth factor (VEGF) 22 the injection of PRP products improve biomechanical properties (tensile strength and stiffness) of repaired Achilles tendons 23 , there is no evidence that these products would be used in a condition of fatty infiltration of the shoulder 24 .
Fatty infiltration and outcomes after rotator cuff repair
A study on 220 shoulders followed up at an average of 37 months after surgery showed that functional outcomes were positively correlated with the stage of fatty degeneration present at baseline and at the last follow-up 25 . There is evidence of re-tear recurrence in 28% of patients undergoing repair of an isolated tear of the supraspinatus tendon, with little fatty degeneration staged less than 2, and a tendon stump close to the greater tuberosity 26 .
The fact that at a significant functional improvement in terms of Constant and UCLA scores was reported at a mean follow-up of 39 months in 84% of patients with massive rotator cuff tears and Goutallier stage 3 or 4 fatty degeneration of the infraspinatus induces to suppose that an advanced fatty infiltration is not an absolute contra-indication to arthroscopic repair of rotator cuff tears 27 . In another study on 29 patients undergoing open repair for massive rotator cuff tears, fatty infiltration had increased postoperatively in infraspinatus, supraspinatus and subscapularis muscles, especially when the tendon of the respective muscle was found to be torn at operation time 28 . Nevertheless, at the last follow-up, the Constant score was significantly improved, pain was decreased, and almost all patients had successfully returned to daily activities (p < 0.05).
A study compared outcomes of 38 patients undergoing rotator cuff repair for management of full thickness rotator cuff tears at an average of 62 years: 15 underwent open surgery, 23 underwent arthroscopic repair 29 . At 1 year follow-up, ASES, Constant and Pain scales were significantly improved than at baseline (p<0.0001), with evidence of negative association between the quality of the muscle and postoperative outcomes. The tear size was the only parameter predictive of cuff integrity. Both atrophy and fatty infiltration progressed significantly over time, mostly in patients who presented a re-tear 29 .
A delayed diagnosis worsen the prognosis, as both the tendon and muscle belly undergo atrophy and degeneration, with significantly better outcomes for patients with low stage fatty infiltration than for those with a severe condition 30 .
Fatty infiltration of the shoulder: diagnosis and reversibility
Another study on patients undergoing arthroscopic repair for isolated tears of the supraspinatus tendon showed that not only fatty infiltration but also older age at surgery were positive predictive features for re-tear 31 .
There is no evidence that muscular atrophy decreases significantly after repair of the tendon but, conversely, the condition will progress, regardless of functional scores and pain 26 . Patients undergoing transosseous repair of chronic massive rotator cuff tears were significantly improved at the final follow-up after the surgery 32 . The number of patients in whom muscle atrophy and fatty infiltration were improved was significantly higher than that in whom the condition was worsened, showing a strong association between preoperative grading of muscle atrophy and fatty infiltration and repair integrity 33 . A study on 22
patients who underwent open repair for rotator interval tears showed that the repair is successful and effective when muscle atrophy is limited 34 . A retrospective series of 47 patients (49 shoulders) undergoing open surgery for reinsertion of retracted tears of the supraspinatus tendon showed that none of preoperative MRI parameters had been predictive for re-tearing. The highest functional scores were observed (p = 0.01) when the standardized area of the supraspinatus muscle was greater than 0.5 35 .
On the other hand, a study on 60 patients undergoing rotator cuff arthroscopic repair showed medial-lateral tear size, tear retraction to the glenoid or beyond, atrophy, high grade fatty infiltration, and increased inferior glenohumeral distance are all negative predictive factors after repair of large or massive rotator cuff tears 36 .
Conclusions
We now stress that muscle atrophy and fatty infiltration should be carefully evaluated before surgery in patients candidates to undergo shoulder surgery. Mesenchimal Stem Cells seem to be beneficial to promote healing and to make this condition reversible. After rotator cuff repair, muscle athrophy may influence outcomes, increase the likelihood of re-tearing, and evolve negatively.
